Introduction
The method of synchrotron X-ray protein footprinting (XF-MS) is used to determine protein conformational changes, folding, proteinprotein and protein-ligand interactions, providing information which is often difficult to obtain using X-ray crystallography and other common structural biology methods [1] [2] [3] . The technique uses comparative in situ labeling of solvent-accessible side chains by highly reactive hydroxyl radicals (•OH) in buffered aqueous solution under different assay conditions. In regions where a protein is folded or binds a partner, these •OH susceptible sites are inaccessible to solvent, and therefore protected from labeling. The •OH are generated by the ionization of water using high-flux-density X-rays. High-flux density is a key factor for XF-MS labeling because obtaining an adequate steady-state concentration of hydroxyl radical within a short irradiation time is necessary to minimize radiation-induced secondary damage and also to overcome various scavenging reactions that reduce the yield of labeled side chains.
This method, when first developed at the bending magnet beamline X28C at NSLS, required prolonged irradiation to yield detectable labeling on globular protein samples. The use of a focusing mirror revolutionized the XF-MS approach at X28C by delivering a high-flux density in milliseconds and brought unprecedented success to studies of megaDalton and membrane proteins complexes [4] [5] [6] [7] . However, a major challenge in the introduction of sufficient hydroxyl radical dose without excessive exposure time or damage to complex protein samples persisted, despite the huge improvement in mass spectrometry resolution, sensitivity, and new analysis approaches over the past decade to target low-yield modification products. To address the challenge of inadequate flux density and extend the time scale of the method to the microsecond, we have used focused beam from a bending magnet Xray source at the Advanced Light Source and developed a microfluidic sample handling procedure [8] .
In this article, we will discuss the fundamentals of the XF-MS approach, recent methodological advancements, and recent applications illustrating the capabilities of bending magnet beamlines at the ALS to conduct XF-MS on the microsecond time scale, as well as the synergistic approach of combining footprinting with other synchrotron methods to solve ever more complex biological problems. We note that X-ray footprinting at the NSLS is transitioning to the NSLS II, and will resume operations in the coming year. During this transition period, a collaborative footprinting program is operating at the ALS footprinting beamline to support NSLS and NSLS II users.
The XF-MS Method
Low linear energy transfer radiation (LET), such as synchrotron Xrays in the range of 5-12 keV, interacts with water almost exclusively by the photoelectric effect and ionizes both bound and bulk water molecules, forming highly reactive hydroxyl radicals (•OH) 8 . The diffusible •OH undergoes productive reactions with proximal side chains and also counterproductive reactions with other •OH and buffer constituents in protein samples. Under aerobic conditions, the reactions with side chains result in covalent labeling such as hydroxylation, carbonylation, and di-oxidation, with specific signature mass adducts (+16, +14, +32 and +48 Da., etc.) [1] . The extent of labeling is quantified, and the site of labeling is identified by reverse-phase liquid chromatography coupled with high-resolution mass spectrometry following the standard protocol for bottom-up proteomics analysis. A progressive increase in the •OH dose results in a residue-specific dose response that, in turn, provides the side-chain-specific hydroxyl radical reactivity rate. The hydroxyl radical reactivity rate depends on both the intrinsic reactivity and the solvent accessibility of the residues.
Since XF-MS studies compare two or more states of proteins, the ratio of reactivity rates of the same residue from one state to another depends solely on the solvent accessibility difference between the two states. The radiometric information is interpreted in the context of existing high-resolution structures of one state and compared with that of an unknown state, or incorporated into molecular modeling strategies that provide information about protein or ligand docking and conformational changes [9, 10] . The counterproductive reaction pathways, which are discussed in detail in previous reviews, are a major limitation for the sensitivity of this method and are a major driver for the upgrades of beamline optics and hardware components in an XF-MS facility. While a significant increase in flux density can overcome •OH -•OH recombination, and the use of short irradiation times reduces protein damage, the use of non-scavenging buffer constituent requires strict quality control of samples before bringing them to the XF-MS facility [8] . In the following section, we will review the advances undertaken at the ALS facility to counteract the loss of •OH dose in complex protein samples and increase the sensitivity of the method through upgrades in beamline components and other recent mass spectrometry approaches for data collection and analysis.
Advancements and Application of Microsecond Synchrotron X-ray Footprinting at the Advanced Light Source

Beamline Confi gurations
XF-MS was originally developed at the monochromatic beamline X9A at the NSLS [11] and then transferred to a similar bending magnet but broadband X-ray beamline, X28C, which has been serving the user community since 2001 [4] . Installation of a palladium-coated toroidal focusing mirror produced a 10-to 20-fold increase in the effective dose compared to the unfocused source, and this increase in the fl ux density allowed users to successfully perform millisecond XF-MS on complex protein samples and in vivo systems. The proposed XFP beamline at NSLS II will utilize a three-pole wiggler source capable of delivering 10-fold higher fl ux density compared to X28C, and is due to be commissioned in 2016.
The XF-MS program at the Advanced Light Source (ALS) started in 2013 using beamlines 5.3.1 and 3.2.1. Beamline 5.3.1 is located on a bending magnet source and equipped with a platinum-coated toroidal focusing mirror suitable for focusing a white-light X-ray beam [8] . The broadband X-ray beam (1-13 keV) exits from the beryllium window of the beampipe under ultrahigh vacuum, with a fl ux of ~1 × 10 16 photons/ sec. The focused beam sizes can be set to deliver homogeneous fl ux density to match 100-535 mm ID microcapillary tubes, which are used to deliver samples using a syringe pump ( Figure 1A ). We have shown that, by using a microcapillary fl ow device and micron-sized beams, high-fl ux-density XF-MS can be carried out in the double-digit microsecond time scale ( Figure 1B ). Thus, a short pulse of high-fl ux-density photons produces adequate •OH concentration to overcome scavenging reactions, while preserving the structural integrity of complex protein assemblies. Beamline 3.2.1 is a white-light bending magnet beamline with similar characteristics to 5.3.1 but with no focusing mirror. This beamline is routinely used to study low molecular weight globular protein samples. The ALS has recently allowed beamline 3.3.1, which branches from the same bending magnet source as 3.2.1, to be commissioned for a dedicated XF-MS facility, which will be the one of highest-fl ux-density XF-MS facility in the United States in the coming years after installation of a focusing mirror and microcapillary sample handling hardware.
Recently, synchrotron protein footprinting studies were reported using several other low-fl ux-density synchrotron beamlines. However, these beamlines necessitated long irradiation times, resulting in secondary damage, which is time-dependent and results in specifi c structural perturbations. The experimental schemes for steady-state, time-dependent and temperature-dependent XF-MS methods are shown in Figure  2 . We have introduced a new standard-fl ow liquid chromatography method with a high degree of chromatographic reproducibility and increased throughput for sample analysis. The SRM-based and MS/MS approaches developed by Case Western Reserve University researchers have improved the quality and sensitivity of the XF-MS approach for large protein complexes [2, 12] . Their recent introduction of the Protection Factor (PF) has shown that XF-MS can be used as a tool to quantitatively analyze protein topography. 
Comparison with Other Hydroxyl Radical Labeling Methods
Protein footprinting by hydroxyl radicals can be conducted without using a synchrotron. Chemical generation of hydroxyl radicals by oxidative Fenton chemistry is a simple lab-based method, for instance [13] . However, chemical production of hydroxyl radicals relies on the addition of reagents such as Fe-EDTA and H 2 O 2 that can affect conformation or damage/unfold proteins, as well as remove essential metal ions necessary for protein function. The fast photochemical oxidation of the proteins (FPOP) approach uses dissociation of H 2 O 2 by UV-LA-SER to generate a high concentration of •OH on the microsecond timescale [14] . However, the millimolar concentration H 2 O 2 necessary can unfold proteins and/or perturb complex protein assemblies with metalactive centers. The electrospray-ionization (ESI) footprinting method uses electric discharge in the ESI component of the mass spectrometer to produce •OH, in which the protein is labeled in its semihydrated state in the presence of ammonium carbonate [13] . In contrast, the generation of •OH by ionizing radiation is very straightforward.
An alternate approach to X-ray radiolysis is electron beam radiolysis using a van de Graaff generator [15] . Unpublished data on cyt c and rhodopsin indicated that the electron pulse delivered is high enough to probe radiolytic modification in the sub-microseconds to microsecond time scale. However, unlike low LET ionizing radiation, the energy deposition by 2 MeV electrons can cause electron-induced protein damage that causes significant sample perturbation.
All of the •OH-based footprinting techniques have different advantages and disadvantages and, therefore, should be applied variously depending on the system under study. The unique advantages of synchrotron-based XF-MS include the following: First, the technique provides a straightforward way to vary the •OH dose from 5-to 20fold by varying the flow rate of the sample across a fixed-size, continuous X-ray beam [8] . This simple approach is highly advantageous for generating dose-dependent data to determine precise hydroxyl radical reactivity rates for ratiometric comparisons between multiple states of complex biological samples [9, 16] . Second, in situ •OH generation has the advantage of allowing nearly any type of sample condition without deleterious effects from external reagents. Third, low LET X-rays can generate hydroxyl radicals by activating both bulk and protein-bond water, which can react directly with proximal side chains [17] . Proteinbound waters are often critical for protein structural stabilization, enzyme activity, ligand binding, and conformational change. Therefore, by probing the solvent accessibility of specific side chains adjacent to bound water, one can gather useful information on the dynamic role of bound water and internal H-bonding network for protein function.
Applications of the XF-MS Method
For the past several years, synchrotron-based footprinting studies have successfully provided significant insight into protein dymamics, structure of macromolecular assemblies, antibody eptiope mapping, and membrane receptor and ion channel proteins, many of which are of therapeutic interest for health science research. Until now, the application of XF-MS to environmental research and bioenergy solutions has been limited, but we can envision research using XF-MS on proteins and enzymes that are involved in bioenergy solutions, biosequestration, and bioremediation. The ALS is an ideal location for just such programs, as several large-scale efforts in these areas are housed at institutions a short distance away. For instance, the Joint BioEnergy Institute (JBEI) is dedicated to programs in biofuel synthesis using bioengineered proteins for plant growth and deconstruction of plant material. The Joint Genome Institute (JGI) pursues programs in characterizing proteins that contribute to carbon cycling. The Biosciences Area at Berkeley Lab brings together researchers at both the lab and on the UC Berkeley campus to study protein systems related to carbon sequestration, bioremediation, and energy-harvesting systems. As an example of one such successful collaboration with researchers at the JGI, we have demonstrated the use of XF-MS to study a photosynthetic protein component relevant for understanding and bioengineering of artifi cial photosynthetic systems [18, 19] . Photoprotective mechanisms are of fundamental importance for the survival of the photosynthetic organism. In cyanobacteria, the orange carotenoid protein (OCP), when activated by intense blue light, forms OCPR, which binds to the light-harvesting antenna and triggers the dissipation of excess captured light energy. X-ray crystal structures of inactivate OCP (OCPO) and the N-terminal part of OCPR (RCP) are available. The comparison between these two structures shows that, during photoactivation, the carotenoid moves by about 12 Å inside the Nterminal half of OCP. A comparative XF-MS study of OCPO and RCP showed protection of specifi c residues at the N-terminal domain (NTD) and supported carotenoid translocation in a solution similar to that in the RCP crystal structure. Since RCP was only a part of OCPR, uncertainty about structural changes in the full-length OCPR persisted. However, a hybrid approach comprised of XF-MS, SAXS, and hydrogen deuterium exchange mass spectrometry (HDX-MS) provided mechanistic details of the conformational changes for the photoactivation of fulllength OCPO to OCPR. While the SAXS data showed that light activa- tion was accompanied by structural changes that refl ected dissociation of the NTD and C-terminal domain (CTD), representing a globular to elongated global conformational change, HDX-MS indicated that the majority of the secondary structure was unaltered during this process. XF-MS, however, yielded detailed residue-specifi c solvent accessibility changes that supported both domain dissociation and carotenoid translocation in the full-length protein. In addition, XF-MS identifi ed several functionally important residues involved in a H-bonding network with bound as well as conserved water molecules at the major and minor interfaces of the NTD and CTD. Overall, the hybrid approach suggested that the carotenoid translocation induced changes in the water-protein network that transmitted the signal to the protein surface (Figure 3 ). This work provided the detailed molecular mechanism underlying the initiation of cyanobacterial photoprotection. Further studies on the interaction of OCP with the phycobilisome [20] and the fl uorescence recovery protein [21] will provide complete details of the photoprotection cycle in photosynthetic systems. Other ongoing work related to bioenergy is in the area of footprinting of shell components of bacterial microsomes, with applications for sequestering and controlling enzymes involved in carbon cycling. A further application with wide-reaching potential is in the footprinting of proteins in vivo in live cells. Preliminary experiments in this area have been conducted on several E. coli systems, with promising results. In addition, high-throughput and fast-mixing methods are under development to increase the capabilities of the X-ray footprinting method.
Synergy of XF-MS with Other Synchrotron Methods
The local changes in solvent accessibility deduced from XF-MS are complemented effectively with high-resolution structures obtained from X-ray crystallography, as well as with low-resolution global structural methods such as small angle scattering and CryoEM techniques to provide a comprehensive picture of the structure-function relationship. Specifi cally, crystallographic data of a non-functional or non-bound state has often enriched footprinting interpretations of the functional or bound state [3] . The method of XF-MS can be used to directly pinpoint both positional and dynamical aspects of water-protein interactions and, recently, it has opened a path forward for understanding the function or activation of many important proteins [17] . The example highlighted earlier showed how XF-MS was used to interpret protein conformational changes associated with the dynamics of proximally bound water, which are determined from the available crystal structures of the native state [19] .
Our growing team of dedicated experts delivers best-in-class engineering solutions to your challenging requirements The combination of local structural information provided by XF-MS with SAXS has already proven valuable for understanding protein structure and dynamics; for example, analyses of SAXS data were consistent with formation of an intermediate in the Ca 2+ activation of gelsolin as suggested by XF-MS; the combined picture defined the structure of the intermediate Ca 2+ bound state [22, 23] . More recently, SAXS, SANS, and XF-MS were combined to provide a molecular model of the core of bacterial segrosome assembly, highlighting the value of obtaining both global and local measurements and integrating the data with available crystallographic information in a comprehensive modeling framework [24] . The resolution of SAXS data does not permit evaluation of bound water dynamics; however, in a combination with time-resolved XF-MS, a valuable understanding of conformational dynamics can be obtained since both techniques use similar sample handling conditions in solution, as shown in the current studies on OCP [19] .
Outcome of Workshops
The XF-MS program at the ALS was initiated in part to support the users who need access to a footprinting facility while the new beamline at the NSLS-II (XFP, on BM-17) is constructed. We have been organizing XF-MS workshops for past two years. The XF workshop at the 2014 ALS Users Meeting titled "X-ray Footprinting at the ALS: New Opportunities in Structural Biology" brought together a group of researchers from around the country to discuss the capabilities of footprinting, as well as recent exciting advances in XF-MS data analysis and areas of protein-protein interactions, ligand binding, and bound water interactions and dynamics. The workshop covered experimental techniques, tutorials on data analysis and new software available for the technique, as well as hybrid approaches (SAXS and XF) [12, 25, 26] . The second half covered recent science highlights, including results on ribosome assembly in live cells [27] , the conformational changes governing photoprotection in cyanobacteria [18] , analysis of amyloid fibrils [28] , internal water interactions in membrane proteins [9] , determining antibody conformations [29] , and HIV ENV glycoprotein activation [30] . The workshop concluded with a talk describing the capabilities of the new XFP beamline currently under construction at the NSLS-II, and a tour of the ALS beamlines now supporting the XF community. The workshop at the 2015 ALS Users Meeting titled "Hybrid Methods for Integrative Structural Biology" was a joint workshop between the ALS and the Stanford Synchrotron Radiation Laboratory and covered a wide range of methods for structural interrogation of biological molecules, including well-established methods such as macromolecular crystallography and cryo-electron microscopy, as well as relatively new methods such as X-ray footprinting. Since many biological systems cannot be understood via one structural or dynamics method alone, several invited talks were chosen to highlight a combination of methods necessary to gain insight into an important biological problem.
Concluding Remarks
XF-MS is now established as robust method to determine both global and local structure, and can be used synergistically with other high-resolution structural techniques. XF-MS offers unique information on protein-water interactions and, as such, is a highly complementary technique to more well-known structural methods. Currently, dedicated XF-MS beamlines are under development at both the ALS and NSLS II. These beamlines are designed for fully automated sample handling, microsecond irradiation timescales, and time-resolved experiments. Advancement in XF-MS allows for the real possibility of delineating detailed molecular mechanisms and ligand binding in protein structure and function.
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